Owing to their sessile nature, plants have evolved sophisticated genetic and epigenetic regulatory systems to respond quickly and reversibly to daily and seasonal temperature changes. However, our knowledge of how plants sense and respond to warming ambient temperatures is rather limited. Here we show that an increase in growth temperature from 22°C to 30°C effectively inhibited transgene-induced posttranscriptional gene silencing (PTGS) in Arabidopsis. Interestingly, warmth-induced PTGS release exhibited transgenerational epigenetic inheritance. We discovered that the warmth-induced PTGS release occurred during a critical step that leads to the formation of double-stranded RNA (dsRNA) for producing small interfering RNAs (siRNAs). Deep sequencing of small RNAs and RNA blot analysis indicated that the 22-30°C increase resulted in a significant reduction in the abundance of many trans-acting siRNAs that require dsRNA for biogenesis. We discovered that the temperature increase reduced the protein abundance of SUPPRESSOR OF GENE SILENCING 3, as a consequence, attenuating the formation of stable dsRNAs required for siRNA biogenesis. Importantly, SUPPRESSOR OF GENE SILENCING 3 overexpression released the warmth-triggered inhibition of siRNA biogenesis and reduced the transgenerational epigenetic memory. Thus, our study reveals a previously undescribed association between warming temperatures, an epigenetic system, and siRNA biogenesis.
Owing to their sessile nature, plants have evolved sophisticated genetic and epigenetic regulatory systems to respond quickly and reversibly to daily and seasonal temperature changes. However, our knowledge of how plants sense and respond to warming ambient temperatures is rather limited. Here we show that an increase in growth temperature from 22°C to 30°C effectively inhibited transgene-induced posttranscriptional gene silencing (PTGS) in Arabidopsis. Interestingly, warmth-induced PTGS release exhibited transgenerational epigenetic inheritance. We discovered that the warmth-induced PTGS release occurred during a critical step that leads to the formation of double-stranded RNA (dsRNA) for producing small interfering RNAs (siRNAs). Deep sequencing of small RNAs and RNA blot analysis indicated that the 22-30°C increase resulted in a significant reduction in the abundance of many trans-acting siRNAs that require dsRNA for biogenesis. We discovered that the temperature increase reduced the protein abundance of SUPPRESSOR OF GENE SILENCING 3, as a consequence, attenuating the formation of stable dsRNAs required for siRNA biogenesis. Importantly, SUPPRESSOR OF GENE SILENCING 3 overexpression released the warmth-triggered inhibition of siRNA biogenesis and reduced the transgenerational epigenetic memory. Thus, our study reveals a previously undescribed association between warming temperatures, an epigenetic system, and siRNA biogenesis.
G lobal warming has greatly affected plant growth and development and poses a serious threat to the global food supply (1, 2) , highlighted by a discovery estimating that global warming caused an ∼10% reduction in rice yield for every 1-°C temperature increase (3) . Knowledge of plant responses to extreme heat and cold has been accumulating; however, our understanding of plant responses to moderate temperature increases is limited (4, 5) , despite recent discoveries implicating a histone variant in warmth-regulated gene expression and a basic helixloop-helix protein in the thermoactivation of flowering and warmth-triggered hypocotyl elongation (6) (7) (8) .
Recent studies suggest that environmental stresses can override diverse epigenetic regulation. For instance, heat shock and UV-B stress could change the epigenetic control of a silent reporter gene (transcriptional gene silence; TGS), with alterations in histone occupancy and histone 3 acetylation but not in DNA methylation in Arabidopsis (9) . Similarly, several repetitive elements subjected to epigenetic regulation by TGS were reactivated by prolonged heat stress, with loss of nucleosomes but only minor changes in histone modifications (10) . Plants can also change physiological processes to cope with severe environmental stresses with epigenetic transgenerational effects in offspring. For example, pathogen infection could stimulate somatic recombination in Arabidopsis (11) . Similarly, somatic homologous recombination of a transgenic reporter was increased in a population treated with UV-C or flagellin and in the subsequent, untreated generations (12) . The heat-and UV-B-mediated release of TGS also displayed heritable but limited effects (9) .
Recently, an explosion of publications elaborated on the role of small interfering RNAs (siRNAs) in transgenerational inheritance in a non-Mendelian manner in different organisms including Caenorhabditis elegans (13) and Arabidopsis (14) , suggesting a conserved mechanism in epigenetic memory in coping with severe stresses. However, it remains unclear whether plant responses to mild stresses, such as moderate increases in ambient temperature, also involve siRNA-mediated epigenetic systems in having long-lasting effects on subsequent generations.
A sense transgene can sometimes lead to its cosuppression with its corresponding endogenous gene, a phenomenon first observed in Petunia when overexpressing chalcone synthase gene (15, 16) , and was later recognized as the cause of posttranscriptional gene silencing (PTGS) (17) , which could also be induced by antisense sequences (A-PTGS), inverted repeats (IR-PTGS), and virus infection (VIGS) (18, 19) . These PTGS pathways involve the formation of double-stranded RNAs (dsRNAs) via different mechanisms and subsequent cleavage by RNase III-like endonuclease [DICER or DICER-Like (DCL)] into siRNAs that target complementary mRNAs (19) .
In this report, we study a warm temperature-mediated mechanism of PTGS release by which the transgene-induced cosuppression of the Arabidopsis brassinosteroid (BR) receptor BRASSINOSTEROID-INSENSITIVE 1 (BRI1) gene is inhibited by a mild increase in ambient temperature. Interestingly, such a warmth-induced PTGS inhibition can be observed in subsequent generations grown under normal conditions. We show that warmth-released RNA silence is a general PTGS mechanism that likely involves the SUPPRESSOR OF GENE SILENCING 3 (SGS3) protein that functions in dsRNA formation for siRNA biogenesis.
Results

Cosuppression of BRI1 by Overexpressing BRI1-XA21 Chimeric
Receptors. Previously, we demonstrated that a chimeric receptorlike kinase, novel resistance gene 1 (NRG1), consisting of the extracellular and transmembrane domains of the Arabidopsis BR receptor BRI1 and the kinase domain of the rice patternrecognition receptor XA21 (XA as the rice resistance gene family to Xanthomonas oryzae pv. Oryzae), activated an XA21-specific plant-defense response in a BR-dependent manner in cell culture (20) . To test whether this chimeric receptor also functions in planta, we generated transgenic Arabidopsis plants that expressed either the functional or the mutant NRG1 (Fig.  1A) . Interestingly, ∼30% of the resulting transgenic lines were morphologically similar to the bri1-9 mutant (21). RNA blot analysis indicated that sense transgene-mediated PTGS (S-PTGS) caused this bri1-like phenotype (Fig. 1 B and C) . The dwarfed NRG1 plants accumulated much less BRI1 and NRG1 transcripts and BRI1 protein compared with wild-type (WT) or WT-like NRG1 plants (Fig. 1 C-F) . A BRI1 probe detected the presence of siRNAs (21-nt) in the dwarfed NRG1 plants but not in the bri1 mutant or WT (Fig. 1C) . We chose a semidwarf T1 (T as transgenic plants) NRG1 line for further analysis, which produced dwarf (d) and semidwarf offspring in the T2 generation in a nonMendelian manner (Fig. 1D) , and discovered that the expression of NRG1 and BRI1 was cosilenced in the dwarf plants but varied among individual T2 semidwarfs (Fig. 1E) . Further support for the S-PTGS of BRI1 was provided by our finding that loss-offunction mutations in SGS3, RNA-DEPENDENT RNA POLY-MERASE 6 (RDR6), and ARGONAUTE1 (AGO1), all of which are known to be required for S-PTGS, suppressed the dwarf phenotype of the NRG1(d) line (Fig. 1G) . Surprisingly, a loss-offunction mutation in DCL4, which cleaves dsRNAs into 21-nt siRNAs (22, 23) , had little effect on the morphology of the NRG1 (d) line (Fig. 1G ). This result might be explained by the ability of other DCLs to cut DCL4 substrates in a dcl4 mutant (22, 24) .
Warm Temperatures Inhibit PTGS as a General Epigenetic Mechanism.
Several studies have shown that temperature changes could affect VIGS and A-PTGS (25, 26) , both involving formation of dsRNAs to trigger siRNA-mediated RNA degradation. To investigate whether temperature changes could also affect S-PTGS, we examined the effect of temperature change on a stable NRG1 (d) line that did not segregate out a single wild-type-looking plant when grown and propagated at 22°C with a population size of >150 at each generation for >20 generations. NRG1(d) plants grown at 15°C remained dwarfs (Fig. S1A) , indicating that the low temperature, which effectively inhibited A-PTGS of a transgenic line (27) carrying an antisense construct of glutamylcysteine synthetase 1 (GSH1) (Fig. S1 B-E), had no detectable effect on the S-PTGS of BRI1. The obvious differential effects of the low temperature suggest a potential mechanistic difference between A-PTGS and S-PTGS. Surprisingly, when grown at 30°C, a temperature known to alter plant morphology (5), the NRG1(d) plants were no longer dwarfs but became all WTlooking ( Fig. 2A) . This morphological change was not caused by activation of BR signaling, because growth at 30°C was unable to rescue the dwarf phenotype of two known BR mutants, deetiolated2 (det2) and bri1-9 (Fig. S2A) . RNA blot analysis revealed the accumulation of both BRI1 and NRG1 transcripts and the concomitant disappearance of BRI1-specific siRNAs at 30°C (Fig. 2B) , indicating that the morphological change was due to the 30°C-induced S-PTGS release. Additional experiments revealed that this PTGS release was specific for the temperature increase because treatment with the stress hormone abscisic acid or drought/salt stress failed to suppress the dwarf phenotype of NRG1(d) (Fig. S2 B-D) .
To determine the threshold temperature for releasing S-PTGS, we grew NRG1(d) plants at 22-30°C . To aid our analysis, we phenotypically classified four types of NRG1 plants (Fig. 2C) . As the temperature increased, the percentage of severely dwarfed NRG1(d) plants decreased from 95% at 22°C to 65% at 24°C, 4% at 26°C, 1% at 28°C, and 0% at 30°C, but the percentage of WT-looking plants increased from 0% at 22-24°C to 5% at 26°C, 84% at 28°C, 100% at 30°C (Fig. 2D) , and 100% in continuous generations (>5) at 30°C. Thus, warmth-induced S-PTGS release is a dose-dependent stochastic process between 24 and 28°C but becomes deterministic at 30°C. Experiments examining the minimum duration of 30-°C growth required for S-PTGS release revealed stochastic inhibition between 7 and 11 d and deterministic suppression after 13 d (Fig. S2E) .
To investigate whether 30°C-induced S-PTGS inhibition is a general phenomenon, we analyzed two well-studied S-PTGS systems, low expresser 1 (L1) carrying a direct repeat of the 35S-GUS (β-glucuronidase) transgene (28) and GxA (GFP142 x Amp243 as the widely used transgenic lines for post-transcriptional gene silence) containing a 35S-GFP transgene and a 35S-potato virus X (PVX):GFP amplicon (29) . L1 plants grown at 30°C exhibited higher GUS activity and increased GUS expression than those grown at 22°C (Fig. 2 E and F) . GUS-specific siRNAs consistently accumulated in plants grown at 22°C but became undetectable at 30°C (Fig. 2F) . Similarly, a strong GFP signal was easily observed in the roots of GxA plants grown at 30°C but was weak at 22°C ( Fig. 2 G and H) . As expected, GFP transcript accumulation also recovered as a result of PTGS release at 30°C, whereas GFP-specific siRNAs were significantly reduced, similar to the effects observed in the presence of the silencing defective 3 (sde3) mutation (Fig. 2I ), which inhibits S-PTGS (30) . Taken together, these results demonstrate that warmth-induced S-PTGS release is a general epigenetic phenomenon, which was recently exploited to avoid S-PTGS when studying shoot meristem development (31) .
Temperature-Induced PTGS Release Exhibits Transgenerational Inheritance. Surprisingly, the 30°C-induced S-PTGS release exhibited a transgenerational inheritance pattern in subsequent generations grown at 22°C. Approximately 93% of the offspring derived from 30°C-grown NRG1(d) plants were morphologically WT-looking, even when grown at 22°C (Fig. 3A) . Importantly, 38-53% of third-generation offspring of WT-looking NRG1(d) plants retained WT-like morphology, which was still present in fourthgeneration offspring, albeit at a much lower percentage (Fig. 3A) . Intriguingly, a small number of WT-looking plants were segregated out in the fourth generation from severely dwarfed parents (type 1 in Fig. 3A) , likely caused by epigenetic metastability. The 30°C-induced transgenerational inheritance of the inhibitory effect on S-PTGS was also observed in the L1 line (Fig. 3B) . These results indicated the successive transgenerational heritability of warmth-induced S-PTGS release. This discovery and stochastic occurrence of warmth-induced S-PTGS release suggested involvement of epigenetic changes. We therefore examined DNA methylation changes that are often associated with an epigenetic phenomenon (32) . DNA blot analysis and bisulfite sequencing not only detected transgene DNA methylation in NRG1(d) and L1 lines but also revealed warmth-induced DNA methylation changes in the two transgenes (Fig. S3 ). However, there seems no clear and consistent correlation between detected methylation changes and warmth-induced S-PTGS release or its transgenerational inheritance. Temperature-Induced PTGS Release Involves the dsRNA Formation
Step. To determine the likely PTGS step impeded by 30-°C growth, we analyzed the temperature effect on IR-PTGS. IR-PTGS and S-PTGS share many common components but differ in how dsRNAs are formed. S-PTGS requires RDR6, an RNAdependent RNA polymerase, to convert aberrant single-stranded RNAs into dsRNAs (33, 34) , whereas IR-PTGS generates dsRNAs through production of self-complementary transcripts (18) . We generated several dwarf lines using an inverted-repeat BRI1 transgene (BRI1-RNAi) and found that the temperature increase did not suppress but instead enhanced the dwarf phenotype of the BRI1-RNAi lines (Fig. 4 A and B) . Such a warmth-enhanced dwarfism is unlikely caused by increased gene silencing, because the 22-30°C change had no significant effect on the BRI1 transcript level but caused similar morphological changes in the two known BR mutants det2 and bri1-9 (Fig. S2A) . We thus concluded that the 30-°C growth failed to suppress IR-PTGS, which was further confirmed in the Arabidopsis At-PDSi transgenic line (35) carrying a chemically inducible IR-RNAi construct of the phytoene desaturase gene (PDS) (Fig. S4A) . The differential effects of 30-°C growth on S-PTGS and IR-PTGS suggested that the warmer temperatures most likely inhibit a step leading to the formation of stable dsRNAs involving RDR6 and SGS3, a unique dsRNAbinding protein that recognizes 5′ overhangs (36) .
Recent studies have revealed that plants contain at least three classes of endogenous siRNAs, including trans-acting siRNAs (tasiRNAs), natural antisense siRNAs (natsiRNAs), and chromatin-associated siRNAs (37, 38) . Both tasiRNAs and natsiRNAs are derived from dsRNA triggers, which are formed via an RDR6/ SGS3-mediated process. If RDR6/SGS3-mediated dsRNA formation is inhibited at 30°C, a reduced accumulation of endogenous siRNAs would also be observed. Indeed, besides the dramatic reduction of NRG1/BRI1-derived siRNAs (Fig. S4B) , deep RNA sequencing revealed that the abundance of many tasiRNAs derived from eight Arabidopsis Trans-acting siRNA (TAS) loci was significantly and consistently reduced in both WT and NRG1(d) plants by the 30-°C growth (Fig. S4C and Dataset S1). The 30°C-induced reduction of TAS1-derived siR255 and siR752 plus the TAS2-derived siR1511 was confirmed by RNA blot analysis (Fig.  4C) . Consistently, the transcript levels of TAS2 and several tasiRNA-target genes were increased at 30°C in both the WT and NRG1(d) line, with the latter exhibiting greater inductions that could be caused by increased TAS2 transcription and/or tasiRNA production in 22°C-grown plants (Fig. S4 D and E) . Taken together, these data showed that the 22-30°C temperature increase also inhibits an endogenous RDR6/SGS3-mediated siRNA pathway.
SGS3 Is Crucial for Temperature-Induced PTGS Inhibition. To determine whether 30-°C growth directly inhibits the RDR6-dependent production of antisense transcripts, we analyzed accumulation of both sense and antisense transcripts of NRG1 and BRI1 in the NRG1(d) line and WT (Fig. 4D) . As expected, sense transcripts were accumulated in 30°C-grown NRG1(d) plants and their 22°C-grown WT-looking offspring (Fig. 4E) . Surprisingly, antisense transcript levels were also elevated in these plants (Fig. 4F) . Accumulation of both sense and antisense transcripts was also detected in NRG1(d)/sgs3 and NRG1(d)/ ago1 transgenic mutant lines but not in the NRG1(d)/rdr6 line, which accumulated only sense, but not antisense, NRG1 transcripts. These results not only indicated that the warm temperature did not inhibit the RDR6-dependent production of antisense transcripts but also suggested that SGS3 and/or AGO1 are the likely targets of the 22-30°C temperature increase.
Consistent with our analysis of sense and antisense transcripts, immunoblot and enzyme assays showed that 30-°C growth had little effect on the protein abundance or enzyme activity of RDR6 (Fig. S5 A and C) . A similar immunoblotting assay also failed to detect a warmth-induced change in AGO1 protein abundance (Fig. S5B) . However, immunoblot analysis of a phenotypically rescued transgenic sgs3-12 mutant (Fig. S6A ) carrying a pUbi::SGS3-GFP transgene driven by a maize ubiquitin promoter (pUbi) showed that the warmer temperatures (28 and 30°C) significantly and reproducibly reduced the steady-state level of SGS3-GFP (Fig. 5A) despite an approximately sevenfold increase of the SGS3-GFP transcript (Fig. 5B) , implying that the endogenous SGS3 protein could be reduced to a much lower level. Taken together, our results not only revealed that SGS3 is the most likely target of the 22-30°C increase but also suggested that SGS3 likely acts at a step downstream of antisense transcript production. Consistent with our interpretation, the 30-°C growth also inhibited A-PTGS of BRI1 (Fig. 4 G and H and Fig. S6F ) and GSH1 (Fig. S6 B-E), in which antisense transcripts are directly transcribed from the corresponding transgenes by RNA polymerase II.
To confirm that the reduced SGS3 abundance was responsible for the warmth inhibition of siRNA production, we further analyzed the effect of 30-°C growth on tasiRNA biogenesis with a stable p35S::SGS3-GFP line using siR255 as a convenient readout. Quantitative (q)PCR analysis showed that the SGS3-GFP transcript levels in this line were approximately twofold higher than that of the pUbi::SGS3-GFP sgs3-12 line at both 22 and 30°C (Fig. 5B) . Although 30-°C growth still reduced SGS3-GFP abundance (Fig. 5C) , the remaining amount of SGS3-GFP in this line, presumably above the critical threshold required for siRNA biogenesis, was able to neutralize the inhibitory effect of the 30-°C growth on the siR255 level (Fig. 5D) . Consistently, the transcript levels of the two tasiRNA-target genes At1g62950 and At4g29770 remained low at 30°C in the p35S::SGS3-GFP line (Fig. S7A) . Similarly, SGS3 overexpression driven by the pUbi promoter was able to maintain low GUS activity of 30°C-grown L1 seedlings (Fig. 5E and Fig. S7B ). These results suggested that a threshold level of SGS3 is required to maintain dsRNA formation and subsequent siRNA biogenesis. This interpretation is consistent not only with an earlier discovery that a small reduction of SGS3 activity could have a major impact on S-PTGS efficiency (39) but also with our observed stochasticity-determinism transition of the warmth-induced S-PTGS release at 30°C. Interestingly, transformation of the pUbi::SGS3 transgene into 30°C-grown NRG1(d) plants (first generation or T0) significantly decreased the percentage of WT-looking plants in the subsequent generation (second generation or T1) grown at 22°C. Importantly, whereas the percentages of T2 (equivalent to third-generation) WT-looking plants of three independent SGS3-overexpressing NRG1(d) T1 lines were 0-10%, three other independent pUbi:: SGS3 NRG1(d) T1 lines with low SGS3 transcript levels segregated out the same percentage of WT-looking offspring similar to second-generation NRG1(d) plants (Fig. 5F and Fig. S7C ), suggesting that SGS3 overexpression could also decrease the transgenerational memory.
Discussion
Our current study has revealed an interesting association between warmer ambient temperatures, a plant epigenetic system, and siRNA biogenesis. We showed that a moderate temperature hike from 22 to 30°C reduced the abundance of SGS3 protein and inhibited the dsRNA formation step in the A-PTGS, S-PTGS, and tasiRNA pathways. Our experiments also suggested that low temperature inhibits A-PTGS at an A-PTGS-specific step instead of a temperature-sensitive DCL complex as previously suggested based on differential effects of low temperatures on the biogenesis of siRNAs and microRNAs (miRNAs) (26) . Given the cross-regulatory interactions among siRNAs, miRNAs, and mRNAs (40, 41) , warmth-induced inhibition of SGS3/RDR6-mediated siRNA biogenesis might also contribute to other temperature-influenced processes, such as plant defense against pathogens (42) and sexual reproduction (43) . Our discovery also suggests a potential problem for the agricultural application of RNAi technology at warming crop-growth temperatures, as these techniques often require the RDR6/SGS3-mediated production of transitive siRNAs to amplify the gene silencing response (37) . However, it remains to be determined whether the reduced abundance of SGS3 was caused by decreased biosynthesis or increased degradation, and to investigate whether the inhibitory effect of the 30-°C growth on SGS3 protein abundance is controlled by the same epigenetic system responsible for the observed transgenerational memory. Further genetic, genomic, and biochemical studies of the NRG1 (d) dwarf line could lead to identification of proteins or RNAs responsible for SGS3 regulation and/or transgenerational epigenetic memory.
Our discovery of a moderate temperature hike having a transgenerational inhibitory effect on S-PTGS/siRNA biogenesis provides another example of transgenerational epigenetic inheritance of environmentally induced traits, which has attracted substantial interest in recent years (32) . Unlike the previously reported pathogen/UV light-triggered epigenetic memory, which persisted for several generations with slowly increasing strengths (12), warmth-induced epigenetic memory was maintained for at least three generations with rapidly declining strength. The meiotically heritable "memory of warmth" is also different from the wellstudied "memory of cold" involved in vernalization, a plant flowering regulatory process whereby a prolonged exposure to cold results in the mitotically heritable but meiotically intransmissible epigenetic transcriptional silencing of a floral suppressor gene (44) . It is quite possible that the transgenerational inheritance of the warmth-induced inhibition of SGS3/RDR6-mediated siRNA biogenesis could offer an adaptive advantage or genomic flexibility for better fitness in warmer environments. It is interesting to note that the memory of warmth could be recovered with low frequency from some severely dwarfed NRG1(d) plants that had apparently lost such a memory (Fig. 3A) . This observation is consistent with the well-known metastable characteristics of an environmentally altered epigenome (32) . It is quite possible that a few germ-line cells revert to the "warmth-triggered epigenetic state" responsible for S-PTGS release.
We observed that the 22-30°C temperature increase changed the DNA methylation status of the transgenes; however, there seems to be no general correlation between the observed DNA Approximately 100 independent T1 lines (equivalent of the second generation in Fig. 3 ) and 30 T2 plants (equivalent of the third generation in Fig. 3 ) of six independent pUbi::SGS3 NRG1(d) lines [three being SGS3 overexpressors (OE) and the other with low SGS3 transcript levels (not OE)] were analyzed. methylation changes of the target genes and the temperaturetriggered release of S-PTGS or its subsequent transgenerational inheritance in the NRG1(d) line and the L1 PTGS model line. However, it remains a formal possibility that some of the observed changes in DNA methylation at certain sites of a silenced target gene are responsible for the transgenerational inheritance of warmth-induced S-PTGS release. Further studies with Arabidopsis mutants defective in specific types of DNA methylation or DNA methylation inhibitors could investigate such a possibility.
Materials and Methods
Plant Materials and Growth. Arabidopsis ecotype Col-0 was used to generate various transgenic plants. NRG1 transgenic plants were generated by transformation with p35S::NRG1 chimeric constructs (20; Fig. 1A) , and stable PTGS lines were obtained. Plants were grown at different temperatures (see SI Materials and Methods for details).
Generation of Transgenic Plants. Various transgenes were introduced into WT, L1, and sgs3-12 plants by Agrobacterium-mediated transformation (see detailed descriptions in SI Materials and Methods).
RNA Analysis. Total RNAs were isolated for RNA blot and real-time PCR (qPCR) analysis (see SI Materials and Methods, Table S1 for details).
Deep Sequencing of Small RNAs. Small RNAs were isolated from total RNAs, reverse-transcribed, and amplified for Solexa sequencing. The entire sequencing data can be obtained from the National Center for Biotechnology Information Gene Expression Omnibus database under accession nos. GSE25738 and GSM632205-GSM632209 (see SI Materials and Methods for details).
Protein Analysis. Total proteins were extracted from 4-wk-old seedlings and analyzed by immunoblot according to a previously described procedure (45) using antibodies against BRI1 (45), GFP (Torrey Pines Biolabs), AGO1 (46) , and anti-HA (CWBIO). After stripping, the same membranes were reblotted with an ACTIN antibody (Abmart) for loading controls.
RDR6 Enzyme Activity Assay. RDR6 enzymatic activity was assayed as described (47) (see SI Materials and Methods for details).
Analysis of DNA Methylation. DNA blotting with radiolabeled probes and bisulfite sequencing were used to examine the DNA methylation of transgenes in NRG1(d) and L1 lines (see SI Materials and Methods for details).
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Zhong et al. 10 .1073/pnas.1219655110 SI Materials and Methods Plant Materials and Growth Conditions. A stable severely dwarfed novel resistance gene 1 (NRG1) (d) line was crossed with the siRNA mutants rdr6-11, sgs3-11, dcl4-2e (all provided by R. Scott Poethig, Philadelphia, PA), ago1-37, and hyponastic leaves (hyl1) (SALK 064863), which are all defective in siRNA and/or microRNA pathways (1-6). The resulting mutants homozygous for the respective mutation and the NRG1 transgene were grown at 22°C. All Arabidopsis plants were grown in growth chambers with a 14-h day/10-h night photoperiod and 50-70% relative humidity at different temperatures as described (7). The heavymetal sensitivity of the glutamyl-cysteine synthetase 1 (GSH1) antisense transgenic lines was examined on half-strength Murashige and Skoog (MS) agar medium containing 40 μg/mL CdCl 2 (8) .
Generation of Transgenic Plants. A 300-bp cDNA fragment of the Arabidopsis brassinosteroid (BR) receptor BRASSINOSTEROID-INSENSITIVE 1 (BRI1) gene was inserted into the pKANNIBAL vector (9) in both the sense and antisense orientations and subsequently cloned into the binary vector pART27 (a binary vector carries the RK2 minimal replicon and Tn7 streptomycin selection marker) (10) to generate the pIRBRI1 (BRI1-RNAi) construct, which generated BRI1-RNAi plants in Col-0. Full-length SUPPRESSOR OF GENE SILENCING 3 (SGS3) cDNA was cloned into the binary vector PUN1301 (a binary vector carries the maize ubiquitin promoter and the nos terminator) (11) with the widely used ubiquitin promoter of Zea mays (pUbi) to generate the plasmid pUbi::SGS3 that was subsequently transformed into the low expresser 1 (L1) plants to generate SGS3-overexpressing transgenic lines (12) . The same pUbi::SGS3 construct was also used to generate SGS3-overexpressing transgenic lines in NRG1. The fusion transgene pUbi::SGS3-GFP in PUN1301 was transformed into sgs3-12 (a T-DNA insertion mutant) plants to generate complemented pUbi::SGS3-GFP sgs3-12 transgenic lines. Similarly, a previously reported p35S:: SGS3-GFP construct (13) was transformed into Col-0 to generate SGS3-GFP-overexpressing lines. To obtain BRI1 antisense lines, full-length BRI1 cDNA was cloned into PUN1301 in the antisense orientation to obtain the pUbi-anti-BRI1 plasmid that was transformed into Col-0. All Arabidopsis plants were grown in growth chambers with a 14-h day/10-h night photoperiod and 50-70% relative humidity at different temperatures as described (7).
RNA Analyses. Total RNAs were isolated from whole 4-wk-old seedlings using TRIzol reagent. For RNA blot analysis, 10 μg of total RNAs was separated on a 1% denaturing agarose gel and transferred to Hybond-N + membranes. An 887-bp coding fragment of the BRI1 extracellular domain, a 417-bp cDNA fragment of the XA21 kinase domain, a 1,397-bp GUS (β-glucuronidase) fragment, and the full-length GFP sequence were labeled with [α-32 P]dCTP using the Random Primer DNA Labeling Kit (Takara) for RNA hybridizations. After stripping radiolabeled probes, the filters were reprobed with a 2.5-kb cDNA of the Arabidopsis 18S rRNA to serve as a loading control. RNA blot analyses were performed using standard protocols with a BRI1, GFP, XA21, or GUS probe.
To analyze small RNAs, 20-30 μg of total RNAs was separated by electrophoresis on 15% polyacrylamide/7 M urea denaturing gels and electrotransferred to Hybond-N + membranes. Hybridization was performed in PerfectHyb Plus hybridization buffer (Sigma-Aldrich) with oligonucleotide probes (Table S1 ) that were end-labeled with [γ-32 P]ATP by T4 polynucleotide kinase (Takara) or labeled with digoxigenin (DIG) using the PCR DIG Probe Synthesis Kit (Roche). The same probes for the BRI1, XA21, GUS, and GFP genes described above were used to detect gene-specific siRNAs. For detecting GSH1-derived siRNAs, a 670-bp fragment was labeled with DIG. After stripping the probes, the same blots were reprobed with a U6 probe to serve as a loading control.
For real-time quantitative (q)PCR analysis, 2 μg of total RNAs was converted into cDNAs, and 2 μL of the resulting 20 μL cDNAs was used for qPCR analyses with the primers (Table S1) . A schematic representation of the strand-specific qPCR analyses of the sense and antisense transcripts of BRI1/NRG1 is shown in Fig. 4D . The qPCR reactions were performed in triplicate using a fluorometric thermal cycler (Rotor-Gene 2000; Corbett Research) with SYBR Green Real-Time PCR Mix (Toyobo). Sense and antisense transcripts of BRI1/NRG1 were analyzed. Briefly, ∼4 μg of total RNAs was pretreated with Turbo DNase (Invitrogen) and then converted into strand-specific cDNAs as described previously (14) . For RT1, the total RNAs were primed with a mixture of three primers, ACTIN2-F, ANTI9-F, and ANTI4-F (Table S1) , to synthesize sense cDNAs of ACTIN2, NRG1, and the endogenous BRI1, respectively. For RT2, ANTIPr1-R (Table S1 ) was used to synthesize BRI1 antisense cDNAs. The Pr3 region of BRI1 (indicated by a blue bar in Fig. 4D ) was selected to detect both the sense and antisense transcripts of BRI1 (from the NRG1 transgene and endogenous BRI1), and a region of ACTIN2 (indicated by a black bar in Fig. 4D ) was analyzed to serve as a control for normalizing the BRI1 and NRG1 transcripts.
For small RNA sequencing, small RNAs of 18-30 nt were isolated from total RNAs, reverse-transcribed, and amplified for Solexa sequencing by Beijing Genomics Institute (BGI). After removing the adaptor sequences, small RNAs were mapped to the Arabidopsis genomic sequences (TAIR9 version, ftp://ftp. arabidopsis.org/home/tair/Genes/TAIR9_genome_release). Sequences from different samples were normalized by the number of total reads with perfect genomic matches. siRNAs that mapped to NRG1 were selected, and trans-acting siRNAs (tasiRNAs) were matched to known tasiRNAs according to the Arabidopsis thaliana Small RNA Project (http://asrp.danforthcenter.org). The entire sequencing data can be obtained from the National Center for Biotechnology Information Gene Expression Omnibus database under accession numbers GSE25738 and GSM632205-GSM632209.
RNA-DEPENDENT RNA POLYMERASE 6 Enzyme Assay. RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) enzymatic activity was assayed as described (15) . Briefly, a construct containing a 576-bp NRG1 fragment and the T7 promoter was generated and used as a template for in vitro transcription using the MEGAscript Kit (Ambion) to synthesize a 576-bp ssRNA template. Total proteins extracted from the 22/30°C-grown rdr6-11 transgenic line complemented with a p35S::HA-RDR6 construct (15) were used for immunoprecipitating the HA-RDR6 protein. Equal amounts of immunoprecipitated HA-RDR6 proteins were incubated with the 576-bp ssRNA and Cy5-UTP (GE Healthcare Life Sciences) at 25-27°C. The reaction mixtures were resolved on a 6% polyacrylamide/7 M urea gel and visualized by ethidium bromide (for controlling the ssRNA template) and phosphorimage scanning (FLA-2000; Fuji).
Analysis of DNA Methylation. Ten micrograms of total genomic DNAs extracted from 22/30°C-grown plants was digested with HpaII or MspI and separated on a 0.75% agarose gel. transfer to Hybond-N + membranes, hybridization was performed with the [α-
32 P]dCTP-labeled DNA probes corresponding to the 35S promoter, BRI1 leucine-rich repeat (LRR)-coding fragment, or 3′part of the GUS gene. For bisulfite sequencing, 2 μg genomic DNA of each sample was digested with the restriction enzyme SpeI, purified, treated with sodium bisulfite using the EpiTect Bisulfite Kit (QIAGEN), and PCR-amplified using the primers listed in Table S1 . PCR products were purified and cloned into pGEM-T Easy Vector (Promega), and at least 18 individual clones were sequenced for each region. The resulting sequence data were analyzed with Kismeth software (16). After stripping, the same filters were blotted with anti-ACTIN11 antibody to serve as a loading control (A and B). (C) An in vitro assay to measure RDR6 enzymatic activity. Equal amounts of total proteins extracted from 4-wk-old seedlings of the Arabidopsis 35S::HA-RDR6/rdr6-11 line and Col-0 were used to immunoprecipitate the HA-tagged RDR6 protein, which was subsequently assayed for its RNA-dependent RNA polymerase activity in vitro with an in vitro transcribed single-stranded RNA and cyanine 5-labeled uridine triphosphate (Cy5-UTP). The resulting reaction mixtures were separated on 6% polyacrylamide/7 M urea gels and visualized using phosphorimaging. Ethidium bromide (EtBr) staining of the gels before phosphorimaging was used to control for equal amounts of the ssRNA template. The effect of the 30-°C growth temperature on the heavy-metal sensitivity of the GSH1-antisense line was examined on 1/2 MS agar medium containing 40 μg/mL CdCl 2 . Note that the GSH1-antisense seedlings had increased tolerance to Cd at 30°C compared with the yellowish and dying GSH1-antisense seedlings at 22°C. (Scale bar, 0.5 cm.) (D) qPCR analysis of the relative expression levels of GSH1 in the GSH1-antisense plants shown in B. The GSH1 expression level was normalized using the signal of the ACTIN2 gene. (E) RNA blot analysis of GSH1-derived siRNAs from WT and GSH1-antisense plants grown at 22 and 30°C. After stripping the GSH1 probe, the same blot was reprobed with the U6 probe to serve as a loading control. (F) qPCR analysis of the relative expression levels of BRI1 in seedlings shown in Fig. 4G . The BRI1 expression level was normalized using the signal of the Arabidopsis ACTIN2 gene. The average values (± SD) from three repeats of qPCR are shown (D and F). Fig. 5E . Note that the Ubi promoter was used to drive SGS3 overexpression instead of the 35S promoter because the GUS transgene in the L1 line is driven by the 35S promoter. Many pUbi::SGS3 L1 transgenic plants were screened to identify lines that accumulated significantly higher levels of SGS3 transcripts. The signals from the Arabidopsis ACTIN2 gene were used to normalize the SGS3 transcript levels of the RNA samples. The average values (±SD) from three replicates of the qPCR experiments are shown. (C) qPCR analysis of the relative SGS3 transcript levels in three individual 22°C-grown second-generation type 4 plants and six independent pUbi::SGS3 NRG1 T1 lines (equivalent of the second generation in Fig. 3) [three being SGS3-overexpressors (OE) and the other with low SGS3 transcript levels (not OE)] analyzed in Fig. 5F . The ACTIN2 signal was used for normalization. The average (±SD) values from three biological repeats are shown.
